Scanning transmission X-ray microscopy (STXM) and X-ray photoelectron emission microscopy (X-PEEM) provide quantitative chemical analysis at a spatial resolution well below 100 nm. Soft X-ray absorption or near edge X-ray absorption (NEXAFS) contrast provides sensitive differentiation of species which have similar elemental composition but are chemically distinct. Due to the ability of soft X-rays at wavelengths below the O K-edge to penetrate water, and on account of lower radiation damage, soft X-ray microscopy is an ideal tool for providing quantitative information about soft matter in the context of biological, polymer and environmental studies. Examples are given from recent studies of: phase segregation in polyurethanes and polymer blends, protein adsorption on polymers relating to biomaterial optimization, and metal mapping in biofilms. These examples show that it is indeed possible to get quantitative (hard) information by combining soft X-rays and soft materials.
Introduction
Soft X-ray spectromicroscopy (also known as near edge X-ray absorption or NEXAFS microscopy) is finding increasing use in the analysis of soft materials, on account of its ability to quantitatively probe chemical complexity on spatial scales below 100 nm, as well as the versatility with which it can be adapted to a wide range of problems. Here we present a brief status report on two types of soft X-ray microscopy: scanning transmission X-ray microscopy (STXM) and X-ray photoelectron emission microscopy (X-PEEM), illustrating their performance with some examples from our recent and ongoing work.
Reviews of the experimental techniques, instrumentation, and a broad survey of results have been presented recently.
1-4 Figure 1 compares the performance of STXM and X-PEEM to that of a number of other analytical microscopy techniques. While the spatial resolution of some other techniques is higher, and there are techniques with more refined chemical sensitivity, soft X-ray microscopy provides a combination of spatial resolution and chemical sensitivity that contributes to problem solving in ways other techniques cannot. This is especially true in the area of soft materials, where the exquisite capabilities of modern analytical electron microscopy are severely limited by radiation damage. 5, 6 In NEXAFS microscopy, inner shell electronic excitation is used as a chemically sensitive image contrast mechanism. NEXAFS spectra can be acquired on a small region down to the spatial resolution limit of the instrument * Permanent location: AIST, 1-1-4 Umezono, Tsukuba, Ibaraki 305-8568, Japan Fig. 1 . Qualitative comparison of the relative performance of various microanalytical techniques applicable to soft matter. Chemical information refers to speciation, not simply elemental analysis. Spatial resolution is that typically achieved rather than the absolute state of the art. IR -infrared microspectroscopy; RMRaman microspectroscopy; FM -fluorescence microscopy (confocal); OM -optical microscopy; XPS -X-ray photoelectron spectroscopy; EDS -energy dispersive spectroscopy; STXM -scanning transmission X-ray microscopy; X-PEEM -X-ray photoelectron emission microscopy; EELS -electron energy loss spectroscopy; NSOM -near field optical microscopy; SEM -scanning electron microscopy; TEM -transmission electron microscopy; STM -scanning tunneling microscopy; AFM -atomic force microscopy.
("microspectroscopy"), and images can be acquired at photon energies selected for their chemical sensitivity ("analytical microscopy"). In many recent applications the full power of the combined spatialspectral domain is exploited by automated acquisition of sequences of images at a set of user-selected energies. This produces a three-dimensional data set which can be analyzed in detail after acquisition in order to extract the maximum possible chemical information from the region studied ("spectromicroscopy"). An example of this type of data has been published as a multimedia adjunct to a recent brief review. 
Experimental Techniques
Soft X-ray scanning transmission X-ray microscopy (STXM), developed by Kirz, Jacobsen, Ade and coworkers at the National Synchrotron Light Source (NSLS), 1, 7, 8 is now implemented at several other synchrotron facilities [Advanced Light Source (ALS), Pohang Light Source], and instruments are under construction elsewhere (BESSY, Canadian Light Source). In STXM a monochromated soft X-ray beam is focused to 50 nm or less by a Fresnel zone plate, and the sample is raster-scanned through the focal point while recording the intensity of transmitted X-rays. Typical incident intensities range from 10 6 to 10 8 Hz, with high brightness third generation light sources being particularly useful for achieving high intensities of the focused beam on the sample. With suitable control and data processing, rapid scan rates (currently, 0.2-1 msec per pixel at the ALS), and thus high efficiency analytical microscopy, can be achieved. Transmitted signals are usually converted to absorbance, normalizing to an incident flux recorded independently with the sample removed (single beam mode of operation). The measured signal averages over a column of the sample and thus is generally considered "bulk"-sensitive. However, because one must use very thin samples (50-400 nm) to achieve adequate transmission in the 250-1250 eV soft X-ray range, the surface region (1-5 nm) contributes significantly to the transmission mode signal and surface species can be detected in some cases, as illustrated in the protein-polymer example described below.
X-ray photoelectron emission microscopy (X-PEEM), developed by Tonner, Bauer and others, [9] [10] [11] uses electromagnetic lenses to magnify and image the electron distribution emitted after soft X-rays impinge on a sample. High magnification is achieved by using a strong field at the sample surface which heavily weights the detection sensitivity in favor of low kinetic energy electrons unless an energy filter or analyzer is used.
11 Since low energy electrons have a large escape depth, particularly in insulators, the X-PEEM sampling depth can be quite large -up to 20 nm -and thus the signal has considerable bulk character.
12 Samples for X-PEEM must be ultrahigh-vacuum-compatible with at least some conductivity, although insulating polymers can be studied in many cases, either unmodified, because of sufficient surface or defect conductivity, or after applying a very thin (1-2 nm) metal coating. X-PEEM of insulators is most successful when the sample is a very flat, ultrathin (∼50 nm) film on a conducting substrate. The signal in X-PEEM is determined not only by X-ray absorption, but also by many other factors -topography, shadowing, work function, and charging. As a consequence, while it has been quite straightforward to develop reliable quantitative analysis procedures for STXM, the methodology for quantitative analysis of X-PEEM data is less well developed. Besides high spatial resolution, NEX-AFS microscopy with good chemical sensitivity also requires good energy resolution. A high performance beam line with a resolving power of at least 3000 is required.
Both STXM and X-PEEM are used analytically by acquiring NEXAFS spectra at one location (point mode), along a line (line mode), or through collection of full image sequences (image mode). This data is then converted to chemical maps by spectral fitting using linear regression procedures.
13,14
These methodologies, along with many other useful image and spectral data processing procedures, have been developed in the IDL-based package, aXis2000, which is available from the author (consult http://unicorn.mcmaster.ca).
Examples

Polyurethanes
Polyurethanes are a broad class of high performance, low cost polymers which are preferred for many applications (automobile components, furnishings) due to the ability to modify properties (resilience, density, surface finish, etc.) in a controlled fashion by changing the chemical formulation, process, and/or introducing reinforcing additives while still using basically the same, relatively inexpensive starting materials. [15] [16] [17] Polyurethane foams are made from three major reagents: a diisocyanate (OCN-R-NCO), a polyol (HO-(R -O) n -R -OH) and water, in addition to lower concentrations of chain extenders, crosslinkers, surfactants and catalysts. R is typically aromatic [toluene diisocyanate (TDI) or methylene bis(phenyl isocyanate) (MDI)] while R is an aliphatic polyether [e.g. polypropylene oxide (PPO)]. The reaction of the isocyanate and the alcohol forms a urethane linkage. The reaction of two isocyanate groups with water forms a urea linkage and CO 2 gas, and this gas "blows" the foam. In order to rationally develop improved formulations for specific applications, it is important to carry out nanoscale chemical analysis. However, polyurethanes are challenging to study since the polyether soft segment component of polyurethanes is very easily damaged. The system described here has been very useful in that it has helped us to develop low dose methodologies and quantitative analysis procedures, based on knowledge gained from extensive model studies.
18-20
In our polyurethane studies we have shown that NEXAFS microscopy can: readily distinguish urea and urethane linkages; determine polyol content; and identify the types of R and R groups in a given polyurethane. Key functional groups (particularly urea and urethane) have been mapped quantitatively. 4, 21, 22 In order to make foams with higher hardness, copolymer polyols (CPP) -dispersions of a rigid polymer in polyether polyol -are added to the polyurethane.
STXM spectromicroscopy is being used to help understand how CPP substances affect mechanical properties such as elastic modulus, tear strength and resiliency, and to aid development of improved CPP substances. Figure 2 presents chemical maps derived from a sequence of STXM images through the C 1s region (280-300 eV) of a polyurethane with 2 CPP fillers -styrene-acrylonitrile (SAN) and poly-isocyanate poly-addition product (PIPA)-based particles.
4,21
The spectral models, on absolute linear absorption scales, were derived from pure materials or from NEXAFS microscopy of mixed materials where the identity of the region investigated was known to be the species indicated. The "images" in Fig. 2 are in fact chemical maps of each indicated component in the same area of the ∼200-nm-thick microtomed section. The indicated vertical scales of these chemical maps give the thickness in nm if that component was pure (many regions of the sample are mixtures of three or more of the indicated components). Estimated uncertainties are 10-15%, with considerably larger systematic errors than statistical errors (the latter are typically 1-3%).
Several interesting aspects can be seen from this work. 21 Firstly, one can distinguish and quantitatively map very similar chemical species -the polyol component present in the SAN particles and the polyurethane matrix are chemically very similar, except that the polyol does not have the aromatic isocyanate-derived component which is present at ∼15% level in the polyurethane matrix (polyol is Fig. 2 . Quantitative component maps derived from fits of the indicated reference spectra to a C 1s STXM image sequence recorded on a polyurethane containing PIPA and SAN (copolymer pS/pAN) filler particles. 21 The five spectral models used to derive these maps are indicated. The vertical scales indicate component thickness (in nm) with an estimated uncertainty of 15%. Note that the negative lower limit in the polyol component map is nonphysical, arising from correlation of polyol and soft-segment matrix signals. (ALS BL 7.0 STXM.) present in the SAN and PIPA filler particles as a compatibilizer). Secondly, the degree of uniformity of composition of the pS-pAN blend can be readily investigated by using separate pS and pAN spectral components in the fit. Thirdly, there is a significant difference in the size distributions of the two classes of filler particles (compare the PIPA map to that of the pS or pAN maps). These size distributions have been measured quantitatively by particle size analysis of component images. 21 While this complex polymeric material can be imaged with better spatial resolution in TEM, the richness and precision of chemical information provided by NEXAFS spectromicroscopy far exceeds anything that has been obtained by analytical TEM on this type of material, even with staining techniques. In addition to providing a dramatic demonstration of the power of STXM microanalysis of polymers, this study has provided useful feedback on the detailed chemical microstructure of filler-particle reinforced polyurethanes which are providing leads for new strategies to improve the properties of high resiliency polyurethane foams.
Polymer blends polystyrenepolymethylmethacrylate
A major project we are working on is the development of STXM and X-PEEM as tools for studying preferential protein attachment on surface-phasesegregated polymers. One strategy involves direct study of protein-decorated biomaterial surfaces (see Subsec. 3.3). In parallel, we are optimizing the sensitivity of each technique in order to define their capabilities as tools to study competitive protein adsorption by studying ideal model surfaces. Polystyrene (PS) and poly(methyl methacrylate) (PMMA) are immiscible polymers which readily phaseseparate in the bulk. Thus blends of PS and PMMA could form a suitable system to prepare surfaces with alternating chemical domains which can model the competitive protein adsorption on hydrophobic (PS) versus hydrophilic (PMMA) domains. In the course of developing PS/PMMA blends as substrates for model competitive absorption studies, a number of our initial X-PEEM observations suggested that surface and thin film PS/PMMA blends behave quite differently from the bulk. While the study has not yet advanced the biomaterials research program, it is a nice example to illustrate both the power and some of the limitations of soft X-ray microscopy. Figure 3 compares STXM, X-PEEM and AFM of an annealed 30/70 PS/PMMA blend. 23 Images at two different photon energies are compared for each X-ray microscopy. The contrast of the domains is reversed in these two energies since 285.1 eV is the energy of the strongest absorption band of PS (π * C=C ) while 288.3 eV is the energy of the strongest absorption band of PMMA (π * C=O ). The spatial resolution of both X-ray microscopies is much inferior to that of AFM. However, the AFM does not provide any chemical information and a simplistic interpretation of the AFM can lead to errors. For example, since the blend has excess PMMA one would normally expect the continuous phase to be the majority species, leading one to identify the continuous regions in the AFM topographic image as PMMA. However, the energy dependence of the X-PEEM images clearly shows that the opposite is the case. At the surface the sample consists of discrete PMMA domains (bright at 288.3 eV) embedded in a continuous PS matrix (bright at 285.1 eV). • C for 2 h. 23 The STXM sample was spun-cast on Au-coated silicon nitride, while the X-PEEM and AFM samples were spun-cast on native oxide silicon. The film thickness was 60-80 nm. The bar is 3 microns (STXM and X-PEEM from ALS; AFM courtesy SIS).
The STXM images differ from the X-PEEM images, indicating that the domain structure in the bulk is different from that at the surface. In particular, the PS/PMMA area ratio is ∼60:40 in the XPEEM but ∼30:70 in the STXM, with the latter value, representative of the bulk composition, being close to the composition of the spin casting solution. 23 Examination of the NEXAFS spectrum of each domain shows that the PMMA regions contain considerable PS signal and vice versa (Fig. 4) . The PS signal in the X-PEEM of the PMMA domains is particularly prominent. Initially we interpreted the PS signal in the PMMA surface domains as a continuous PS film over the whole surface due to surface segregation, as also suggested by the enhancement of the PS/PMMA area ratio in X-PEEM relative to STXM. However, AFM images (e.g. Fig. 3 ), and Fig. 4 . NEXAFS spectra (points) recorded using X-PEEM from the PMMA-rich and PS-rich phases of an annealed 30/70 PS/PMMA blend. 23 The highlighted areas in the inset images are the regions from which spectra were extracted from a sequence of X-PEEM images. The indicated curve fit analysis (lines) using pure reference spectra shows that the PMMA regions contain about 15% PS, while the PS regions contain 3-5% of PMMA.
higher resolution STXM carried out at NSLS, 23 clearly indicated that the PS signal in the PMMA domains arises from small (1-50 nm) PS droplets which are not resolved in the X-PEEM or STXM measured at the ALS. It appears that PS/PMMA blends in the form of thin films readily form a bimodal domain size distribution. Extensive annealing at high temperature (e.g. 180
• C for one week) does not remove these small droplets, even when the sample is made from low molecular weight polymers (27 K/27 K, rather than the 1 M/300 K high molecular weight polymers used to make the sample shown in Fig. 3) . 23 Thus, while thick samples of PS/PMMA blends appear to fully phase-segregate in the bulk after relatively gentle anneals at ∼140
• C, ∼40
• C above the bulk T g (glass transition temperature) of both PS and PMMA, a much more aggressive annealing regime (180
• C for 24 h) does not fully equilibrate the surface regions of thin film samples. This is consistent with recent reports of greatly elevated T g values for PS/PMMA in thin films.
24
Similar phenomena may occur at the surface of bulk samples. Summarizing this section, although we have not yet been able to achieve our goal of a surface-phase-segregated PS/PMMA system, the combination of STXM, X-PEEM and AFM has proven to be very powerful in developing a more refined understanding of phase segregation in this polymer blend system. These results have guided our ongoing efforts to develop a laterally differentiated PS/PMMA surface with ∼0.5 µm domain sizes, for use as a model substrate for competitive protein adsorption.
Protein polymer interface studies
Increasingly, devices based on synthetic materials ("biomaterials") are used to replace or reinforce diseased body parts or to replace defective body functions. One example is the use of devices made from synthetic polymers in hemodialysis. Activation of blood coagulation, thrombosis, and the immune system are potential adverse effects in hemodialysis and whenever blood is in contact with artificial surfaces (heart-lung bypass for open heart surgery, artificial heart valves, heart assist devices, arterial grafts, intravascular stents, etc.). These adverse effects begin with selective interaction of blood proteins 25, 26 with the surface of the biomaterial, which is typically a polymer in blood contact applications. NEXAFS microscopy is being developed to investigate a number of issues related to selectivity in the first contact of biological systems -proteins and cells -with surface-phase-segregated polymers. Demonstration of selectivity of adsorption of a single protein for different surface phases is our initial target. Eventually we seek to track adsorption of specific proteins from mixtures, although this is likely to require labeling techniques since NEXAFS spectroscopy cannot readily distinguish different proteins. Examination of protein-decorated polymer samples while they are fully hydrated with a medium close that of the relevant biological system, such as blood plasma, is the ideal measurement. At present we are exploring vacuum studies using X-PEEM, and STXM studies of both dry and wet samples. The X-PEEM has greater surface sensitivity but will never be able to examine the wet samples. The STXM has limited surface sensitivity -basically this depends on the ability to deconvolute NEXAFS of mixtures to extract the signals of adsorbed protein from those of the polymer substrate. However, if there is adequate sensitivity, then STXM can be developed as a tool to map proteins on polymeric surfaces in the fully hydrated state, eventually perhaps with real time monitoring of adsorption. This is our long range goal.
The polyurethane materials currently preferred for blood contact applications 25 have a microphase segregation that is on the ∼10 nm scale, finer by a factor of about 5-10 than the spatial resolution of existing soft X-ray spectromicroscopy. Thus we have been using a range of alternate materialspolyurethanes with embedded filler particles (as in Fig. 2) , as well as pS-pMMA blends. Our results to date indicate that even though STXM is essentially a "bulk" technique, monolayer detection is possible, although at the current sensitivity limits. 4 In particular, the sensitivity to an adsorbed layer depends on the spectrum of the underlying polymer since the most reliable detection scheme uses the full spectral signature through image sequence analysis or singular value decomposition analysis of images at multiple energies, rather than simply imaging at one specific photon energy. Figure 5 shows results of this approach for mapping fibrinogen adsorbed on a microtomed section of the two-filler polyurethane system presented in Fig. 2 . Exposed at the surface the microtomed sample has three classes of chemical constituents -polyether-rich matrix, SAN and PIPA. The fibrinogen was adsorbed on the sample by a 20 min exposure in a dilute, buffered solution (0.1 mg/ml). Excess protein solution was removed by thorough rinsing and then the sample was rehydrated in a wet cell. Although there are no buffer salts or other proteins, this sample is otherwise close to the environment of a blood-contact polymer. The amount of fibrinogen detected is in the monolayer range in some regions. Figure 5 shows a fit to the C 1s NEXAFS extracted from regions of high fibrinogen content. Note that the spectral fitting shows mainly polyurethane matrix as the substrate underneath the protein-rich regions. There is some concern that the apparent preference for the protein to adsorb on the polyurethane matrix at the edges of the SAN particles could reflect mechanical trapping, since the SAN particles protrude significantly (10-30 nm) from the matrix. With that caveat, in this system the results indicate an adsorption preference in the following order: polyurethane matrix (polyether) > SAN (styrene-acrylonitrile) > PIPA. Similar results have been obtained recently for both C 1s and N 1s measurements of a filler-polyurethane sample with an overlayer of buffer solution containing 0.01 mg/ml fibrinogen. There was no interference from the protein or buffer salts present in the overlayer solution, which suggests either the overlayer is sufficiently dilute in protein, or the protein molecules get displaced from the field of view as the X-ray beam is swept across the surface.
Mapping metals in active bioremediation microbial films
A major advantage of X-ray microscopy relative to electron microscopy is the ability of the photon-inphoton-out STXM technique to examine samples in a water environment -fully hydrated polymeric membranes, 14 cells, clay minerals, food, milk, oil sands, emulsions, 27 environmental systems, 28, 29 etc. The wet protein-decorated polyurethane is one example; a second example of this capability is given in this section. We are using STXM in the C 1s, N 1s and Ni 2p regions to investigate microbial biofilms in their natural state, generated under controlled conditions by natural associations of bacteria, fungi and algae. The term "biofilm" refers to both the microbial colonies and their associated polymers, which are secreted by the biological organisms and oriented into 3D arrays to provide a favorable local environment. In addition to trapping nutrients for the microbes, biofilms can immobilize waterborne heavy metals and organic toxicants. In some cases there is enzymatic conversion of toxic organics to innocuous small molecules and CO 2 . Biofilms are being explored as a means to sequester metal pollutants for environmental remediation applications. In order to engineer biofilm properties for treatment of polluted natural or industrial waste water, one must learn more about the function of the secreted extracellular fibrils which hold the biofilm together, and then develop means to engineer their chemical nature and molecular architecture. Currently there is only a limited understanding of the roles of fibrils of polysaccharide, protein-coated polysaccharide, and other polymers (e.g. extracellular DNA, extracellular proteins, associated fibril-lipid structures).
We are beginning to use STXM to provide identification of the various biofilm polymers, and to map adsorbed metal relative to the biofilm components. In order to optimize biofilms for toxic metal sequestration, it is important to be able to identify in fresh native material, which fibril species accumulates a given metallic species, as well as the chemical nature of the metal-fibril association and transformations of that association over time. In a preliminary study we measured C1s, N1s and Ni 2p STXM image sequences of a wet biofilm sample containing localized metal hydroxide species from a 24 h exposure to nickel (II) chloride at 1 ppm. The Ni hydroxide signal was found to be localized and thereby concentrated to a level which transmission NEXAFS could readily detect (Fig. 6 ). This result demonstrates that STXM is well suited for this type of investigation. A systematic program of research in this area is being developed. It will involve extensive cross-correlation with fluorescence labeled laser confocal microscopy on wet samples, and analytical electron microscopy on carefully dehydrated and fixed samples.
Summary
Continued improvements in instrumentation performance are being made. Cryo-STXM has been implemented at NSLS, 30 and two microscopes with interferometric control of sample-zone plate position are being commissioned at the ALS. 31 In X-PEEM, schemes to dramatically improve both spatial resolution (to as small as 2 nm) and column efficiency are being developed. 32 The new instruments will allow detailed studies of many soft materials problems, such as the microstructure of polymer blends, copolymers, self-assembly and nanopatterned polymer structures and biological-synthetic material interactions. It is widely expected that new insights into polymer organization will be obtained when orientation contrast studies 33 become routine with the introduction in a few years of STXM on beam lines at the ALS, Swiss Light Source, and the Canadian Light Source, which are illuminated by elliptically polarized undulators which produce linearly polarized light with user-selectable, arbitrary orientation. 34 Finally, a large portion of the polymer and biomaterial studies carried out to date have been performed by, or in collaboration with, industrial researchers. In this brief review we have included an example of polyurethane studies from a joint McMaster-NCSU-Dow Chemical collaboration. In our group, other university-industry collaborations include X-ray microscopy studies with 3M Canada of core shell microspheres, 35 structured wall polyurea capsules, and water filtration membranes; 14 and with Ricoh Company Inc. on three-dimensional chemical mapping of toner particles. The rapid recognition by industry of the remarkable value of soft X-ray microscopy techniques attests further to the added value NEXAFS microscopy brings to practical problem solving relative to other, more accessible, lab-based analytical microscopy techniques.
